We investigate the properties of young massive clusters (YMCs) in a galaxy-galaxy merger remnant by analyzing the data obtained by a gas rich major merger simulations in Matsui et al. 2012 . We found that the YMCs are distributed at a few kpc and at ∼ 10 kpc from the galactic center, in other words, there are two components of their distribution. The former are formed in filamentary and turbulent gas generated at a few kpc from the center because of galaxy encounters, and the latter are formed in tidal tails which are far from the center. The YMCs are much less concentrated than galaxy stars. The mass function of the YMCs is dN/dM ∝ M −2 . Most of YMCs are formed from the second encounter to the final coalescence phase of the galactic cores, and their formation rate is especially high at final coalescence phase. Most of them consists of single stellar population in age, but YMCs with multi stellar populations in age are also formed. The multiple populations are produced by the following process: a YMC captures dense gas, and another generation stars form within the cluster. There are several YMCs formed in an isolated disk before the encounter of galaxies. These candidates contain stars with various age by capturing dense gas and forming stars. YMCs in a merger remnant, have various orbits, but large fraction of candidates have circular orbits.
Introduction
Major mergers of gas-rich galaxies are expected to play an important role in formation of globular clusters. The CO observation of local interacting galaxies showed a compressed gas filament, which may lead to formations of globular clusters, induced by galaxy-galaxy collision (Kaneko et al. 2018) . The optical and infrared images found young massive star clusters with ∼ 10 5−6 M⊙ formed in galaxy-galaxy merging process (Whitmore & Schweizer 1995; Whitmore et al. 1999; Mengel et al. 2008) . In galaxygalaxy merger remnants, globular cluster systems formed in a galaxy-galaxy merging process are detected (Bassino & Caso 2017; Ko et al. 2018) . In order to study formation, evolution, and properties of such globular cluster systems in more detail, numerical simulations of a galaxy-galaxy merger are needed.
Previously, a large number of numerical simulations of the galaxy mergers have been performed (Mihos & Hernquist 1996; Barnes & Hernquist 1996; Kazantzidis et al. 2005; Cox et al. 2006; Di Matteo et al. 2007 ). These numerical simulations succeeded to understand roughly dynamics in galaxy-galaxy merging process such as gas inflow to the galactic central region or a central starburst. These studies, however, were difficult to reproduce shockinduced star and star cluster formations in the merging process as shown by observations. This is because they used unrealistic interstellar medium (ISM) model with temperature cutoff at T = 10 4 K in a cooling function due to the limited mass and spatial resolution. The artificial high temperature floor of ISM prevents ISM from gravitational instability at the shock generated by the galaxygalaxy encounter.
In order to investigate formations of star clusters in galaxy-galaxy merging process, subgrid model for star clusters is used instead of resolving formations of individual star clusters directly (Bekki et al. 2002; Kruijssen et al. 2012) . Bournaud et al. (2008) have performed highresolution simulations of merging galaxies and reproduced formations of star clusters directly, although they used method of sticky particles instead of resolving hydrodynamics.
Recently, the higher mass and spatial resolution simulations of merging galaxies have been performed (Saitoh et al. 2009; Kim et al. 2009; Teyssier et al. 2010; Matsui et al. 2012; Hopkins et al. 2013a; Hopkins et al. 2013b; Renaud et al. 2015) . The high resolution simulations allow us to take radiative cooling of low temperature gas (T < 10 4 K) into account and realize multi-phase nature of ISM. These simulations have naturally succeeded to reproduce shock-induced star and star cluster formations. These studies have clarified shock-induced star cluster formations at the first encounter of galaxies (Saitoh et al. 2009; Saitoh et al. 2010) , formations of hypermassive star clusters in galaxy-galaxy merging process (Matsui et al. 2012) , and formation mechanism of star cluster at each interaction stage (Renaud et al. 2015) . The formation of globular clusters in merging galaxies at high-redshift are also clarified by cosmological simulations (Kim et al. 2018) . Although formations of star clusters in the merging process were clarified, properties of globular clusters in a merger remnant have not been analyzed yet.
In this paper, we focus on and investigate properties of young massive cluster (YMCs) formed in galaxy-galaxy merging process, which can produce luminous infrared galaxies (LIRGs) as shown in paper I. For this purpose, we analyze a galaxy-galaxy merger remnant obtained by Matsui et al. (2012) (hereafter paper I). We describe our methods in §2 and results in §3. Summary and discussions are presented in §4.
Method

Simulation data
To investigate a merger remnant and YMCs in the remnant, simulation data obtained by paper I is analyzed. Here, the simulations have been performed by Tree+GRAPE SPH/N-body code "ASURA" (Saitoh et al. 2008) . We analyze mainly the data of the highest resolution model called HTT,5pc. In this model, initial setup is as follows. Firstly, we simulate an isolated disk galaxy, which consists of an exponential disk with 6.3 × 10 9 M⊙ and a dark matter halo with 1.1 × 10 11 M⊙, for 1000 Myr.
The initial disk and halo include gas, of which metallicity is 0.01, with 1.2 × 10 9 M⊙ and 1.1 × 10 9 M⊙, respectively. The initial metallicity is slightly less than solar metallicity and larger than that of large magellanic cloud (Choudhury et al. 2016) . After stabilizing the disk, we start galaxy-galaxy merger simulations in which both disks are tilted at −109
• and 71
• to the orbital plane, respectively, and prograde-prograde encounter occurs. We set the time of starting the merger simulation to be t = 0. At t = 0, each galaxy includes gas with 1.5 × 10 9 M⊙ since gas decreases due to star formation. Hereafter, initial stars at t = −1000 Myr, newly born stars before t = 0, and after t = 0 are called "pre-existing stars", "old stars", and "new stars". After starting the merger simulation, the first, second, and third encounters occur at t ∼ 450 Myr, t ∼ 850 Myr, and t ∼ 1000 Myr, respectively. See paper I in details.
In the HTT,5pc model, the particle numbers of SPHs, pre-existing and old stars, and dark matter at t = 0 are 442958, 2051314, and 27720000, respectively. The mass and gravitational softening length of SPH particles are 7.5 × 10 3 M⊙ and 5 pc, respectively. In the simulation, multi-phase nature of ISM are realized by taking a wide temperature range of radiative cooling (10 K < T < 10 8 K)
and energy feedback from Type II supernovae (SNe) into account. Metal contamination of gas by Type II SNe is also taken into account (Steinmetz & Mueller 1994) . Star formations take place from cold (T < 100 K) and dense (nH > 100 cm −3 ) gas. The mass of a star particle spawned from an SPH is one third of SPH mass.
In addition to model HTT,5pc, the lower resolution models HTT and LTT are also analyzed. These models have different mass and spatial resolutions from model HTT,5pc, but same collision parameter. In HTT model, the gravi- Although some faint dots can be observable in the other points, these objects cannot be identified as YMCs since they are gravitationally unbound or cluster mass does not reach the detection limit mass. Two YMCs are not seen in this figure since these are much far from the galactic center.
tational softening length is 20 pc but same SPH mass as HTT,5pc. In LTT model, SPH mass is 3 × 10 4 M⊙, and gravitational softening length is 20 pc.
Identification of young massive clusters
We analyze simulation data at t ∼ 1350 Myr. At that time, about 300 Myr passes after the galaxy merger is completed. We regard lower limit of detectable mass of the cluster as 2×10 5 M⊙ in HTT,5pc and HTT and as 8×10 5 M⊙ in LTT, since clusters can be expressed by 100 new star particles.
In order to detect YMCs, we firstly compute the gravitational potential energy of old and new stars. After the calculation, we perform gravitational bound check for old and new star particles around the particle with locally minimum potential. If particles are gravitationally bound and the total mass of the bound particles exceed the mass limit, we identify the system as a YMC. 
Results
Merger remnant
Snapshot of a merger remnant at t ∼ 1350 Myr in HTT,5pc model is shown in figure 1. We detect 49 YMCs in the remnant. Figure 2 shows the density profile of new stars and pre-existing and old stars in the merger remnant at t ∼ 1350 Myr. The density profile of new stars is steep and declines as approximately ρ ∝ r −4 in outer region larger than several ten parsec. The profile with r −4 is produced by experience of strong gravitational disturbances (Makino et al. 1990 ). In the case of a galaxy merger, the intense disturbances are caused by merging of galactic cores and sink of hypermassive star clusters through dynamical friction. Within 500 pc from the galactic center, new stars are dominant. The central density is much higher than that of both pre-existing and old stars by one order of magnitude. Such structures are compatible with extremely compact structures of newly formed stars observed in ultraluminous infrared galaxies (ULIRGs) (Soifer et al. 2000; Mao et al. 2014 ).
The merger remnant has the total stellar mass of 1.2 × 10 10 M⊙ at that time. V -band absolute magnitude MV of the remnant is estimated by utilizing data of star particles and population synthesis code P EGASE (Fioc & RoccaVolmerange 1999) . Then, MV = −19.8 is obtained, so that the specific frequency defined as SN = N cl ×10
(M V +15) (Harris & van den Bergh 1981) is 0.61. Here, N cl is number of YMCs and N cl = 49, and an effect of dust absorption is not taken into account. This value seems to be lower than that observed in dwarf ellipticals and is comparable to that of late-type galaxies (Miller et al. 1998) . This is because only 300 Myr passes after galaxy-galaxy merging is completed and star particles are young so that the remnant is still bright. If star particles evolve further and the remnant becomes dark, the value is close to observed one. For example, when further 1000 Myr passes, MV and SN becomes −18.9 and 1.4, respectively, assuming passive evolution.
Distribution of young massive clusters
All detected YMCs are shown in figure 3 . The physical quantities of the clusters are listed in Tab. 1. Figure 4 shows the fraction of YMCs and new stars in number as a function of radius from the galactic center. Most of YMCs are located at the region of a few kpc from the galactic center whereas new stars are extremely concentrated in the central region and nearly 40 % of them are distributed within 100 pc. In HTT and LTT cases, distribution of YMCs and new stars is similar to that of HTT,5pc case as shown in figure 2 and table 2. The difference of distribution between YMCs and stars in the galactic central region is consistent with observations (Sikkema et al. 2006) and can be explained as follows. YMCs form mainly from widespread gas filaments generated at encounter of two galaxies or spatially extended turbulent gas generated by its inflow toward galactic central region at final coalescence phase of galactic cores. On the other hand, a large number of new stars are supplied by sinking of hypermassive star clusters in addition to star formations from such compressed gas (paper I). The formation epoch of YMCs in our simulations is different from Renaud et al. (2015) in which cluster formations are mainly take place at the first encounter of galaxies. This would be due to difference of collision parameters. In Renaud et al. (2015) , Antennaelike collision parameter is adopted, which reproduces compression of gas and formation of star clusters after the first encounter of galaxies.
Two of clusters, of which ID is 48 and 49, appear at ∼ 10 kpc from the center of the merger remnant. These clusters are gravitationally bound by the remnant. Their formations take place in tidal tails apart from the center, which is different from formations of other clusters. These are classified as tidal dwarfs. In our simulations, there is no ejected YMC from the galaxy during galaxy-galaxy interaction as suggested by Elmegreen (2010) . The difference of the formation site produces two component of YMC distribution. In HTT and LTT cases, formation of a tidal dwarf does not occur.
In order to compare our data with observations, we show the surface number density of YMCs as a function of radius from the galactic center in figure 5 . Here, the surface density is calculated by using projected snapshots which are observed from various viewpoints. The figure shows that the distribution of YMCs do not strongly depend on viewing angle. Whereas the stellar distribution traces distribution of YMCs in the galactic outer region, the deficit of YMCs appears in the galactic inner region. This result is in agreement with observations of isolated elliptical galaxies (Sikkema et al. 2006; Salinas et al. 2015) .
Mass function of young massive clusters
Cumulative mass function of YMCs is shown in figure 6 . In HTT,5pc model, the masses of clusters range from 2.08 × 10 5 M⊙ to 4.51 × 10 7 M⊙. There are no hypermassive star clusters with ∼ 10 8 M⊙ since they have al- ready sunk to the galactic center through dynamical friction. This graph indicates that mass function becomes a power low function with dN/dM ∝ M −2 , which is good agreement with observations (Whitmore et al. 1999 ) and previous numerical simulations (Saitoh et al. 2010) .
A deviation from the line of dN/dM ∝ M −2 , however, appears at ∼ 10 7 M⊙, in other words, there is an excess of massive clusters. The stellar mass evolutions of massive YMCs, of which IDs are 10, 16, and 45, are shown in figure 7 . The figure shows that their initial stellar masses are less than ∼ 10 7 M⊙. After formations of YMCs, these 3 YMCs continue to pass filamentary dense gas regions which exist within ∼ 1 kpc from the galactic center. The YMCs obtain such dense gas continuously, and formations of new stars take place within YMCs. As a result, stellar mass growth of the YMCs occurs and the excess of massive YMCs emerges. Since the cluster with ID 16 escapes from the dense gas region, mass growth is quenched at t ∼ 1030 Myr. These objects seem to be spatially extended (see figure 3) than observed young clusters which have half light radius with a few pc (Mengel et al. 2008) . Such massive clusters would sink into the galactic center through dynamical friction less than 1 Gyr according to Chandrasekahr's formula (Binney & Tremaine 1987) . Then, the excess disappears and spatially extended clusters would not been observed.
In HTT model, mass function in the less massive region than 10 6 M⊙ is deviated from dN/dM ∝ M −2 . This is because large gravitational softening length prevents from formations of clusters less than 10 6 M⊙. 
Age of young massive clusters
In Thirty eight YMCs consist of only new stars with single age. All of these clusters form after galaxy-galaxy encounter, and their formations are induced by the galaxy merger. The typical population of stellar age within these clusters is shown in the left panel of figure 8 which shows number fraction of stars within a cluster as a function of star formation time. Stars within these clusters have similar formation epoch and the width of age distribution is 10 Myr which is timescale of feedback to eject gas.
One YMC, of which ID is 25, has bimodal distribution in age as shown in the middle panel of figure 8 . The interval of age between two events is 200 Myr. The process of producing such population is as follows. The cluster forms at t = 1050 Myr. After the formation, the cluster wanders few gas region. When the cluster passes the dense gas Fig. 9 . Snapshots of the cluster with ID 25 from t = 1259 Myr to t = 1269 Myr. Above and bottom panels show surface density of gas and new star, respectively. The red circle represents the position of the cluster. In bottom panels, green dots represent formed next generation stars. At t = 1259, dense gas region appears above the cluster. After that, the cluster pass through this region. Then, the cluster captures gas at t = 1263 Myr and star formation takes place within the cluster. region temporarily after t ∼ 1250 Myr, it captures gas as shown in the left and middle panels of figure 9. After that, the density of gas within the cluster becomes high and gas cools because of radiative cooling. As a result, the next generation stars form as shown in the right panel of figure 9 .
Three YMCs, of which IDs are 10, 16, and 45, exceed 10 7 M⊙. These clusters consist of stars with various ages.
The typical distribution of the stellar formation time is shown in the right panel of figure 8 . The distribution is rather continuous than discrete unlike ID 25. This is because these YMCs continue to pass dense gas region and obtain gas continuously. The continuous gas accretion results in star formations within the clusters at various time.
The other 7 YMCs consist of old and new stars although clusters, of which IDs are 1 and 34, have few new stars. All of these 7 clusters form in an initial unstable gas disk at t ∼ −800 Myr during a simulation of an isolated gas disk. Figure 10 shows distribution of formation time of stars within these clusters. Although these clusters form in an initial isolated unstable gas disk at t ∼ −800 Myr, they include stars with various formation time. This is because clusters capture gas when they pass through dense gas region and star formations occur within them similarly to the cluster of ID 25. These clusters are likely to contain stars formed at the encounter phase, namely around 400 Myr or 800 Myr. The reason is that the encounter produces turbulent and dense gas and increases the probability that a cluster passes through the dense gas region.
In HTT and LTT cases, t 25% , t 50% , and t 75% are shown in table 2. All YMCs form after the second encounter of galaxies. Whereas most YMCs have single stellar population, ID 50, 61, and 62 has multiple stellar populations. ID 50 and 62 consist of stars with various ages similarly to ID 10, 16, and 45, and ID 61 has bimodal stellar population in age similarly to ID 25. The multiple population is formed by capturing dense gas and forming the second generation stars similarly to the HTT,5pc case.
Recent observations have revealed that Galactic globular clusters generally have multiple stellar populations (Bastian & Lardo 2017) . Such globular clusters can be divided into two types in accordance with abundance patterns. The first and second types contain Fe and light element (e.g., He, C, N, O, Na, and Al) variations, respectively. Since we do not have abundance information for stars in our simulation, we conjecture types of YMCs with bimodal distribution in age. These YMCs should belong to the first type in the following reason. These YMCs except ID 25 contains stellar populations formed before and after the galaxy-galaxy merger. These stellar populations clearly have different Fe abundance. The YMC with ID 25 has stellar populations formed at t ∼ 1050 Myr and t ∼ 1250 Myr. The metallicity, Z, of the first and second generation stars in the YMC with ID 25 is shown in figure 11. The figure shows that metallicity of the second generation stars increases by ∼ 0.01 compared to that of first generation stars. Although the enrichment seems to be mild, it becomes more remarkable in high-z galaxies with low metallicity. The difference of metallicity between the first and the second generation stars indicates that the second generation stars form from gas contaminated by TypeII SNe. Thus, these clusters correspond to ω Cen with different Fe abundance. On the other hand, the second type is expected to be formed from asymptotic giant branch (AGB) ejecta of the first generation stars (Renzini 2008; Bekki et al. 2017; Bekki 2018) . 
Motion of young massive clusters
In order to investigate orbits of YMCs in the merger remnant, we simulate motion of YMCs by the second order leapfrog integration scheme. The gravitational potential of the remnant is produced by using distribution of SPH, star, and dark matter particles at t ∼ 1350 Myr. Here, we assume that the gravitational potential is steady and spherically symmetry. These assumptions are reasonable to calculate orbits approximately since asymmetry of the remnant is not strong and the remnant is quasi-stable. Note that evaporation of YMCs and dynamical friction are not taken account.
The pericenter distance rp, apocenter distance ra, and eccentricity defined by ǫ = (ra − rp)/(ra + rp) are summarized in table 1 for the high resolution case and in table 2 for the low resolution cases. In both cases, orbits of YMCs in the galactic inner region are various, but the number fraction of circular orbits is large. This is because YMCs formed in a major merger do not lose the orbital angular momentum sufficiently. This trend seems to be different from observations of Milky Way (Gaia Collaboration et al. 2018) or cosmological simulations of a disk galaxy (Saitoh et al. 2006) which is different morphology from a galaxygalaxy merger remnant and do not experience a recent major merger. Such observations and simulations show that a large fraction of YMCs have radial orbits. This might indicate that formation process of clusters is different between a merging galaxy and a disk galaxy. While YMCs form from filamentary gas or turbulent gas generated by a galaxy-galaxy merger, YMCs form by in situ formation, minor mergers, and satellite accretion (Renaud et al. 2017 ).
Eccentricities of orbits of the galactic outer YMCs, of which ID are 48 and 49, are not high. This is because they form in rotating tidal tails and hence have originally sufficient orbital angular momentum. These clusters migrate from ∼ 10 kpc to ∼ 20 kpc. Since their pericenter and apocenter distance are ∼ 10 kpc and ∼ 20 kpc, respectively, these objects are observed as isolated globular clusters. The isolated globular clusters are observed in some galaxies, for examples M31 (Mackey et al. 2010 ) and M81 (Jang et al. 2012) , although it is difficult to compare simply with spiral galaxies.
Summary
We investigate properties of YMCs in a merger remnant by analyzing simulation data in paper I. Our findings are as follows.
• YMCs are formed in filamentary and turbulent gas and tidal tails generated by a galaxy merger. The former and the latter are distributed at a few kpc and at ∼ 10 kpc from the center of the merger remnant, respectively. The YMCs are much less concentrated than galaxy stars.
• The mass function of YMCs becomes dN/dM ∝ M −2 ,
but the excess appears around 10 7 M⊙ after merging of galactic cores is completed. The excess would disappear less than 1 Gyr due to dynamical friction.
• Most of YMCs formed during a galaxy merger consist of single stellar population in age. On the other hand, the rest have multiple distribution in age. The multiple population is formed by capturing dense gas and forming new stars within a YMC when a YMC pass dense gas region.
• Orbits of YMCs in the inner galactic region are various, but large fraction of candidates would rather have circular orbits. Eccentricities of YMCs in the inner galactic region are not high.
